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ABSTRACT 

This document is the Sixth Quarterly Report on NASA Contract No. 

NAS 8-11050, Special AROD System Studies. It reviews the major conclusions 
on the Wideband Modulation Techniques task since its inception in October, 
1964, and summarizes the work performed on the Wideband Modulation Tech- 
niques task and the Phase-Lock Loop task during the quarter ending March 31, 
1965. 

Section 1 (Review of Modulation Recommendations) presents the rationale 
for reaching the three major conclusions and recommendations concerning the 
widehand modulation techniques. These conclusions are: 

a. 
b. 

Linear amplification should be employed in the spacecraft receiver. 
A "hybrid" modulation waveform (combining a periodic signal with a 
pseudo-noise sequence) is preferable to a pure pseudo-noise waveform. 
Common channel operation is not recommended because it would result 
in a very limited dynamic range. 

c. 

Section 2 (Phase-Lock Loop Advanced Circuit Investigations) details the 
design characteristics of an analog memory implementation, using advanced 
semiconductor devices, to bc incorporated in the Type I loop engineering model 
for purposes of achieving rapid reacquisition after short signal drop-outs. 

Section 3 (Spectrum aid Reacquisition Analysis) presents several methods 
for obtaining the rf spectrum from the angle modulation of a carrier with a 
filtered pseudo-noise signal, and presents the results of the investigation of 
reacquisition techniques lor pseudo-noise signals. 
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section 1 

REVIEW OF MODULATION RECOMMENDATIONS 

The rationale behind the first conclusion is presented in Sub-section 1.2. 

The adaptivity inherent in the linear implementation is shown to be extremely 
advantageous in meeting the overall AROD system requirements; limiting or 

1.1 INTRODUCTION AND SUMMARY 

This section reviews the major conclusions on the Wideband Modulation 
Techniques task since its inception in October, 1964. The purposes of the 
task are to analyze and evaluate wideband modulation techniques for use in the 
AROD system and to recommend the technique(s) most suitable for implemen- 

tation. 
In the previous Quarterly Report* many conclusions, recommendations, 

and derivations concerning the Wideband Modulation Techniques task were 
presented. It is the intention of this section to review the most important of 
the conclusions and the most significant steps and equations in their justifica- 
tion. Frequent references will  be made to the Fifth Quarterly Report to avoid 
the necessity for lengthy derivations. 

The three major conclusions concerning the wideband modulation techniques 
are: 

1. 
2. 

3. 

Linear amplification should be employed in the spacecraft receiver. 
A vvhybrid'v modulation waveform (combining a periodic signal with a 
pseudo-noise sequence) is preferable to a pure pseudo-noise waveform. 
Common channel operation is not recommended because it would result 
in a very limited dynamic range. 

* Special AROD System Studies, Fifth Quarterly Report, International Business 
Machines Corporation, Rockville, Maryland, Document Number TR-15-7, 
15 January 1965. 
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AGC would only reduce this adaptivity and result in design compromises and 

suboptimal performance. 
Pure pseudo-noise (PN) systems are compared against "hybrid" systems 

in Subsection 1.3. The additional power required for the pure PN system is 
estimated and some of its implementation difficulties are discussed. It is 
shown that the hybrid system utilizes the available signal power much more 

effectively than the pure P N  system. 
The recommendation against the common channel approach is based upon 

a spectral analysis from which an estimate of the effects of crosstalk upon 
the operation of an AROD channel is derived. It is shown in Sub-section 1.4 
that a common channel system would have a very limited dynamic range over 
which the AROD accuracy objectives could be met. In addition, the acquisi- 
tion process would be more difficult with a common channel system. Separa- 

tion of the four AROD channels substantially increases the dynamic range and 

eases the acquisition problem. 

I 

1.2 LINEAR PROCESSING 

I 

The first conclusion to be reviewed is the recommendation that a linear 
receiver be employed in the spacecraft. In this sub-section, it is shown 

that by taking advantage of the adaptivity of the phase-lock loop natural 
frequency, that the linear receiver best suits the wide range of signal dynamics 
encountered in the AROD system. 

In the Fifth Quarterly Report (Volume 11, pages B1 through B8), it was 
shown that the loop natural frequency was a function of the signal amplitude at 
the input to the phase-lock loop. For a linear receiver (which is defined as a 
receiver with constant amplification over the range), the signal amplitude is 
proportional to the range and the loop natural frequency, on, is given 13y: 

Lr: n = &  wn 
0 
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where 
= loop natural frequency (Cln 

(L' = loop natural frequency at the design point* 
"0 

A = signal amplitude 

= signal amplitude at design point. * 
AO 

In the case of the limiter receiver, which employs an ideal hard limiter prior 

to the phase-lock loop, the total power at the output of the limiter is constant. 
Thus, the signal amplitude at the input to the phase-lock loop is dependent upon 
the signal-to-noise ratio at the input to the limiter. The loop natural frequency 
of the limiter receiver is, then, a function of the limiter suppression factor 
and is given by: 

a = suppression factor 

= suppression factor at design point. 
O O  

In the case of the AGC receiver, the signal level is held at a constant 

amplitude at the input to the phase-lock loop regardless of the received SNR; 
thus, the loop natural frequency is constant. 

In order to meet the accuracy objectives for the AROD application, there 
are several conflicting limits imposed on the loop natural frequency. In 
situations where high doppler rates are e n c a t e r e d  (directly overhead, law 
altitude), the loop natural frequency must be great enough to keep the steady 
state tracking error  of the loop within certain bounds. At  maximum range, 
the loop natural frequency must be small enough to keep the phase error  due 
to thermal noise within certain bounds. 

* The design point is chosen at the maximum range (4000 nautical miles) for 
which the system is to operate. 
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The steady state phase e r ror  due to doppler rate is given by: 

- D -- 
*ss wn2 

where 
= steady state phase error per radian 

%s 

D = doppler rate rad/sec2 

= loop natural frequency wn 
Thus, for the linear receiver, the steady state phase e r ror  is given by: 

%s =(%) (*) 
For the limiter receiver, the steady state phase error  is given by: 

%s =( 2) (+) 

(4) 

The AGC receiver will have a steady state phase error as given by equa- 

tion (3). 

The phase e r ror  due to thermal noise for the linear receiver is given by: 

For the limiter receiver, the phase error is given by: 
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where 
= loop natural frequency at design point 

= loop damping factor at design point 
0 

CO 

Q, = noise power spectral density to signal power ratio 
1 The loop damping factor at the design point, c0, is chosen as- (for the reasons 

given in the Fifth Quarterly Report, Volume I, pages 1 through 26). Using this 
value for the loop damping factor, the thermal phase error  at the design point 

is given by the familiar formula: 

J2 

The phase error  a s  given in equation (8) would apply to the AGC receiver for all 
ranges, since LC is constant. 

A n 
In Figure 1-1, the variation of the amplitude ratio - and suppression a A 0  

factor ratio, -, are plotted versus range. The suppression factor ratio is 
plotted for two limiters, one with a bandwidth of 0.5 KHz and the other with a 
bandwidth of 166 Hz. The power in the signal transmitted from the space 
vehicle was assumed to be 5 watts. As shown, the amplitude ratio has a 
maximum value of 40 at the 100 mile range, whereas the limiter with the 0.5 

MHz bandwidth has a maximum suppression factor ratio value of 7.9 at the 
100 mile range. The limiter with the 166 Hz bandwidth has a suppression 
factor ratio which is approximately 1 throughout the range, as is the case with 
the AGC receiver. The greater variation of the amplitude ratio - over the 
range will result in a loop natural frequency with a greater adaptivity Over the 
range. If, for example, a loop natural frequency of 4 radians per second were  
chosen at the design point (4000 nautical miles), then the linear receiver 
phase-lock loop would have a loop natural frequency of 25.3 rad/sec at the 
100 mile range, whereas the limiter would only have a 11.3 rad/sec loop 

natural frequency at this range. 

ar, 

A 
A0 

This greater adaptivity of the loop natural frequency in the linear receiver 

will  result in a more optimum receiver, as can be seen in Figure 1-2. In this 
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illustration, the sum of the steady state phase error  due to doppler rate and the 

thermal phase e r ror  are plotted for a 100 mile circular orbit. It was assumed 
that the design point (at the 4000 nautical mile range) loop natural frequency is 
4 rad/sec and 5 watts of power is transmitted in the ranging signal from the 

spacecraft. It can be seen that the phase error in the AGC receiver is much 
greater than the 1/3 meter objective, whereas the linear receiver is very close 

to the objective. 
The large tracking er ror  of the AGC receiver at short ranges, where the 

steady-state e r ror  is dominant, can be reduced by some means of compensation 
external to the loop (sometimes termed rate aiding). In general, such compen- 
sation is accomplished by sensing the doppler signal and applying an analog of it 
to the appropriate element in the loop. Of course, the doppler sensing must be 
accomplished in the presence of the noise that exists in the doppler extraction 
function for the AROD system. This noise, which will be in part correlated with 
the noise in the range tracking loop, will degrade the S/No at the output of the 

range tracking loop by 3 db or  more, thereby reducing the advantage of the com- 
pensation. A further reduction in the effective compensation will result from the 
transient errors  in following the doppler changes. In addition, if compensation 
in the range tracking loop is accomplished by estimating the doppler signal in the 
carrier tracking loop, all the gain factors and time constants of the elements of 
both loops must be stabilized with respect to environmental conditions to a far 
greater degree than is required for loops which are operated independently. 
Finally, the steady state errors  in the system with rate aiding will be much 
less predictable since they result from uncertainties in the loop element transfer 
functions and are  random in nature; this will  necessitate larger design margins 
and make post-flight analysis more difficult. 

The most significant factor concerning rate aiding is that the amount of 
compensation that can be effectively achieved in practice could be applied to 
the linear receiver as well as the AGC receiver. Thus, the linear receiver 
can always be designated to provide performance superior to that of the AGC 

receiver. Consequently, the linear receiver is the optimum design for the 

AROD system. 
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1.3 HYBRID SYSTEM 

The second conclusion to be reviewed is the recommendation for a hybrid 
system rather than a pure P N  system. In this subsection, a comparison is 
made between a modulation system employing a pure P N  sequence and one 
employing a periodic signal combined with a P N  sequence (a "hybridft system). 
The additional pawer required for the pure P N  system is estimated and an 
example is presented to compare the required tracking filter parameters for 
both implementations. 

The first step in effecting the comparison is to obtain an expression for 
the range variance for a periodic component tracked by a phase-lock loop. As 
shown in the preceding sub-section, the phase variance due to receiver noise 
for a phase-lock loop is given by: 

= 1.060, i9 
0 

=P (9) 

where 
= loop natural frequency (rad/sec) 

= noise power spectral density to signal power ratio (cps)-' 
0 

wn 

i9 

As discussed earlier, un may vary as the received signal power varies, but 

for the purposes of comparing a pure P N  system with a hybrid system, it can 
be assumed that the variations in L C ' ~  will be the same for both systems. 

formation is used: 
To convert this phase variance tc a range variance, the following trans- 

where 
x = tracking signal wavelength 

The variance in the range measurement due to the receiver noise is then 
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To complete the desired comparison, a method to determine the range 
variance w h m  a pure P N  system is employed must be known. The time delay 

variame for a P N  sequence, as derived by milker (l), is given by: 

N'U 
O no = 2.12 

ut ps 
where 

A = bit duration 

M = number of bits in sequence 

= double-sided noise power spectral density 

= loop natural frequency 

= signalpower 

N: 

pS 

no w 

1 
In this expression, it is assumed that 3 = JZ and that the P N  sequence is 
tracked by a delay lock discriminator. If it is assumed that M is large and we 

convert to the single-sided noise power spectral density (rather than the 
double-sided) the following obtained- 

Again, converting to the range variance, this time using the transformation: 

ct 
2 

R = -  

where 
C = velocity of light. 

(1) J. J. milker, "Delay-Lock Tracking of Binary Signals," IRE Transactions 
on Space Electronics and Telemetry, March 1963, pp. 1 through 8. 
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The one-way range variance is then 

N w  
2 = (%) 2 2  ut = (:) 2 l.OsA2 O no 

urd S 

2 
2 = ( 9 )  1 . 0 6 w  dr 

d *O 
Or 

To compare the power requireme& of the P N  sequence to those for the 
hybrid system, the range variances for the two systems are equated to obtain. 

where 
S = signal power for the phase-lock loop 

1 
fT  T 

Letting 
= - = frequency of signal in phase-lock loop 

f A ' a =  bit rate of pseudo-noise sequence, 

the ratio of the puwer required for the P N  sequence to that for the hybrid sys- 

tem (phase-lock loop) becomes: 

In Figure 1-3, the ratio of delay-lock discriminator signal power to phase- 
lock loop signal p e r  is plotted versus the ratio of tone frequency to P N  bit 
rate. As shown, in order to achieve the same accuracy as a phase-lock tone 
with equal power, the bit rate of the pseudo-noise sequence must be 6.28 times 
the tone frequency. 
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Many additional comparisons could be made to demonstrate the advantages 
of the hybrid system Over the pure PN system. For any specific permutations 
of parameters, the relative requirements can be determined by comparing 
equations (11) and (16). 

As an example, consider the range accuracy requirements ( l o )  of 1/3 

meter (specified on page 1-6 of the Fifth Quarterly Report) and determine the 
implementations necessary to achieve this accuracy at the maximum range 
of 4000 nautical miles. For separate channels, * a reasonable assumption for 

the PN bit rate is 1.6 Mbps; this results in a separation of 3.2 MHz between 
the spectrum null just below the carrier frequency and the null just above the 
carrier frequency. For the hybrid system, a reasonable assumption is that the 
periodic component has a frequency of 800 KHz and that the hybrid modulation 
waveform is identical to that described on pages C-12 and 13 of Volume 11 of 

the Fifth Quarterly Report; this, again, results in spectral nulls located at 
1.6 MHz above and below the carrier frequency. Assuming that Q, = 1/20,000 

at 4000 nautical miles, and solving equation (11) for LL: it is found 

that the loop natural frequency required for the phaselock loop is approxi- 
mately 2.4 radians/second. To compare this with the requirements for the 
pure PN system, equation (16) is solved for CI: , and it is found that a loop 

natural frequency of 0.25 radians/second is required. 

(cps)-l no' 

Thus, it is shown that the tracking filter for the pure PN system will be 
considerably more difficult to implement. In addition, much more rate aiding 

must be provided with the smaller (*! 
doppler rate situations. 

in order to track the high doppler and 
=0 

1.4 COMMON CHANNEL EVALUATION 

In this subsection, the justification is presented for the third major 
conclusion - the recommendation against common channel operatioa The 
presentation centers upon the dynamic range limitations encountered with 

* Separate channels are assumed for this example (rather than common channel 
operation) in accordance with the recommendation contained in Sub-section 1.4; 
a similar example for a common channel implementation would yield the same 
relative results. 
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common channel operation; acquisition problems with common channel opera- 

tion are also discussed, 

1.4.1 Dynamic Range Analysis 

The necessity for the AROD system to operate over a wide dynamic range 
is one of the most important considerations in the selection of the modulation 

waveforms. Because of range differences, multipath effects, propagation 
anomalies, and so on, the spacecraft receiver must have the capability to 
simultaneously process signals that differ markedly in their relative strengths. 
The objective for this dynamic range capability, as  given in the RFP for the 
AROD System Test Model Hardware, * is 70 db. Hence, dynamic range becomes 
an extremely important evaluation criterion for comparing candidate modulation 
techniques for the AROD application. Modulation systems which have superior 
dynamic range performance and which maintain a good balance between cross- 
talk and thermal noise e r rors  should be given first consideration. 

To compare a common channel system** with one employing four separate 
channels, it is necessary to examine the spectrum for a P N  sequence under 
the usual approximations: this is the (sin2 x )/ 2 envelope shown in Figure 1-4. 

In this illustration, it is shown that the first sidelobe is 13 db below the 

main peak. Thus, the crosstalk introduced into an adjacent channel in a system 
using separated channels is at least 13 db less than the crosstalk encountered 
in a common channel system. Filtering each separate channel would significantly 
reduce the sidelobes (crosstalk), and increase the dynamic range for the separ- 
ate channels, but not for the common channel approach. Since the ratio of the 
main peak to the sidelobes (suppressed) represents the dynamic range advantage 
of the separate channels over the common channel system, it is apparent that 
separate channels wil l  provide substantially more dynamic range. 

* RFP No. 1-4-40-01283, NASA Marshall Space Flight Center, Huntsville, 
Ala. 

** Common channel operation refers to the case in which each of the fa r  AROD 
channels occupies essentially the same frequency band. 
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APPROXIMATION 

0 fA f- 

Figure 1-4. Envelope of Received P N  Power Spectral Density 
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A s  the next step in the evaluation of the common channel approach, an 
estimate of its dynamic range is now presented. To accomplish this, it is 
necessary to approximate the true spectrum with the dotted rectangle shown 

in Figure 1-4. This approximation, which is commonly employed, is equiva- 
lent to assuming that the received modulated signal of another channel is white 
Gaussian noise as far as the channel of interest is concerned;* that is, the 

A' power received for one channel is assumed to be spread over a bandwidth 2f 
or twice the P N  sequence bit rate. Hence, the effective noise spectral density 
produced by the undesired channel is YS/2fA, where S is the power in the 
desired signal and Y is the ratio of the undesired power to the desired signal 
power. 

The most useful method for estimating the dynamic range is to calculate 
the value of Y which causes measurement e r rors  equivalent to those caused 

=;: .01 m/sec). by thermal noise at the maximum range (that is, u R= Sm,  0;. r 
This value of Y is obtained from: 

1 

- -  
max - @  crit  

z f A  
where CP is the maximum value of a, the noise-power-density-to-signal- 
power ratio (cps) . Assuming that @ = 1/20,000 (cps)-' and f A = 6.4 Mbps, 

the result is Y = 28 db. 

max -1 

The implication is clear. A common channel system wil l  only have 
dynamic range of approximately 28 db. 

If, for example, the undesired power were  40 db greater than the desired 
signal, measurement e r rors  four times greater than the AROD objectives 

would occur. 
As to the question of the validity of the approximation shown in Figure 1-4, 

this approximation, if anything, must be optimistic in terms of the crosstalk 
effects actually encountered. The actual spectrum contains discrete components 
which may result in partial correlations in the tracking filters, thereby causing 

* The validity of this approximation is discussed later. 
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larger errors than true white noise. Thus, the conclusion that the dynamic 
range of the common cbanuel approach is very limited is furthered strengthened. 

1.4.2 Acquisition Analysis 

The accpisition of the P N  modulation in the presence of strong interference 
from another channel will be much more difficult than without this interference. 
Even if it is assumed that the carrier loop is locked in, it will still be necessary 
to correlate the incoming signal with the slave P N  generator for a longer time 
in the common channel system. 
performance is E/No. The Iarger the E/No, the greater the probability of 
detection and the smaller the probability of false alarm. Therefore, the 
increased effective N present in the common channel approach necessitates 
an increase in correlation time to preserve the same E / N ~  and the same acqui- 
sition performance as the separate channels provide. 

for the common channel approach. 

The basic factor determining acquisition 

0 

The higher bit rate will, of course, also make acquisition more dif€idt 

1.4.3 Summary 

Because of the stringent specifications for the AROD system, dynamic 
range must be considered an extremely important criterion in the evaluation 
of candidate modulation techniques. It has  been shown that separate channels 
have consistently better performance in this respect than a common channel 
system; the dynamic range for the latter has been estimated to be only 28 db. 
Moreover, the use of a common channel system will  cause acquisition and 
reacquisition to be more complex and time-consuming. 

the AROD system. 
For these reasons, it is recommended that separate channels be used in 



Section 2 

PHASE-LOCK LOOP ADVANCED CIRCUIT INVESTIGATIONS 

2.1 DESIGN APPROACH FOR MEMORY AIDED PHASE-LOCK LOOP 

In the Fifth Quarterly Report*, a technique of exploiting new developments 
in field effect semiconductor devices, to permit the implementation of analog 

storage, was described. A controllable, reproducible analog storage (memory) 
was shown to permit unaided acquisition for a loop when incorporated as pro- 
posed. It was shown that, not only doppler offset, but also doppler rate has a 
great impact on the acquisition and reacquisition capabilities of the loop, so 

that perfect memory of doppler offset (such as might be afforded by an ideal 
Type II loop) at signal dropout alone is insufficient. Several system approaches 
were  advanced as a solution to the storage of both of these analog signal param- 
eters. The most advantageous to implement uses a single analog storage 
circuit which continuously monitors the phase detector (loop multiplier) output 
while tracking a signal. The single analog storage circuit supplies a synthesized 
signal containing both doppler offset and doppler rate elements to the loop upon 
loss of signal; this provides the Voltage Controlled Oscillator with a control 
which maintains its frequency to the estimated frequency of the signal. It was 
also pointed out that, upon reappearance of the signal, the control signal from 
the memory circuit should continue until relock is achieved to improve the 
signal capture capabilities. It was suggested that search can be accomplished 
and implemented, which is initiated after a suitable wait-on-memory period, 
allowing for a temporary signal fade. A Mode Detector is required to sense 
the condition of the loop - trackmg a signal, signal present in proximity, o r  
no signal present. The Mode Detector controls several analog signal gates to 
accomplish the various loop functions. 

* Special AROD System Studies, Fifth Quarterly Report, International Business 
Machines Corporation, Rockville, Maryland, Document Number TR-15-7, 
15 January, 1965. 

2-1 



The suggested design approach has been verified by a breadboard con- 
struction of all the necessary loop and control components and by initial tests 
on the loop tracking, memory, and acquisition behavior. The engineering 
model Type I phase-lock loop will have a suitably constructed analog storage 
element incorporated in it for performance testing. 

In the forthcoming period, construction of an engineering model of the 
phase-lock loop and its associated memory circuit will be completed. In addi- 
tion, the mode detector and control circuits will be redesigned and constructed. 
The loop capabilities of acquisition on search, tracking of a signal, memory, 
and reacquisition on signal fade can then be verified. 

2.2 DESIGN CONSIDERATIONS 

As outlined in Section 1 of the Fifth Quarterly Report, several onstraining 
factors determine the parameters of the phase-lock loop. To obtain the speci- 
fied system accuracy for a high doppler offset, a minimum loop gain must be 
maintained, while the required signal-*noise ratio determines the loop 
bandwidth. The use of a signal dependent, variable gain loop multiplier allows 
the loop to adapt to changing signal conditions. 

For the construction of an engineering model of a memory-aided phase- 
lock loop, use will be made of the presently available Loop Voltage Controlled 

Oscillator and Loop Multiplier (described in the Fourth Quarterly Report) 
supplemented by a Loop Filter and amplifier. The Loop Multiplier changes 
its gain by a factor of 10 from minimum to maximum signal-to-noise ratio. 
To meet the various system requirements, the loop parameters can be 

calculated and are listed in Table 2-1. 
In addition to the basic phase-lock components, additional circuitry is 

required to obtain the desired analog memory, gating, mode detection, and 
search functions. A block diagram of the complete loop is shown in Figure 2-1. 
The incoming signal is limited in the stage preceding the Loop Phase Detector, 
where it is multiplied with the output of the VCO. The Phase Detector output 
is applied to the Loop Filter, and after amplification, applied to the VCO to 
control its frequency and phase. When the loop is locked to a signal, gate A 
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Table 2-1 

Parameters of Memory-Aided Phase-Lock Loop 
(Carrier Tracking Filter Case) 

Parameter 

Gain 

Lag time constant 

Natural frequency 

Damping factor 

Two-sided bandwidth 

Lead time constant 

Symbol 

k 

T' 

On 

c 
2B 

7 

~~ ~ 

Min SNR 

6 1.5 x 10 

150 

100 

0.707 

106 

14.1 

Max SNR 

1.5 x IO7 

150 sec 

316 rad/sec 

2.24 

525 Hz 

14.1 msec 

is open, while gates B and C are closed. These gates are implemented by 

MOSFET (metal oxide semiconductor field effect transistor) devices (a brief 
description of these devices is given in Appendix A). The Memory Unit input 

is gated to the signal at the Phase Detector output through a low pass filter 
and follows this signal in normal loop operation (tracking). 

In a loss-of-signal condition, A is closed and B is opened immediately, 
while gate C is held closed for an arbitrary amount of time, in which the signal 
is allawed to reappear. In the present design, this time delay is set at  8 seconds 
to facilitate testing of the memory function. During this time, at  which the Loop 

Phase Detector output contains no signal information, the VCO frequency is 
slewed under the control of the last doppler offset and last doppler rate, which 
are synthesized by the Memory Unit. Since the Loop Filter/Amplifier is driven 

from a voltage source during this mode, a decay in doppler rate compensation 
occurs. Hawever, with the 150 second time constant of the loop, the rate 
compensation decay in a 1.5 second dropout is only 1 percent. The doppler 

offset memory is not affected. 

falls  within a frequency band which guarantees a fa s t  reacquisition, the 
If the signal reappears within the 8-second search-delay time interval and 
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search-delay timer is disabled, and the Memory Unit continues to steer the 
VCO in order to enhance pull-in and lock capabilities while the output of the 
Loop Phase Detector c m  the required pull-in signal. If the signal does 
not fal l  in this detectable frequency band, lock can sti l l  be accomplished, 
provided it is achieved before the total 8-second delay. Upon lock, gate A is 
reclosed to sample the revised doppler signal, while gate B is reopened to 
allow normal loop operation. The information supplied by the output of the 
Memory Unit to the loop is then immediately replaced by a voltage from the 
Phase Detector by means of a small slippage or  advance of phase of the VCO 
signal. 

If, however, the signal has not reappeared within the 8-second search- 
delay period, or reappears out of range, gate C will open and insert a search 
voltage to the loop, which slews the frequency of the VCO through the expected 
signal range at a very f a s t  rate in a near linear fashion. A t  a pre-determined 
frequency, established by monitoring the Loop DC Amplifier output, the direc- 
tion of search is reversed and continued, at the same rate, to the other end of 
the search range, resulting in a triangular search. In the present system, a 
200 KHz range is searched in 10 seconds. The search is discontinued when a 
signal appears in the detectable acquisition band, and acquisition is accomplished 
as previously described. 

Referring to Figure 2-1, the search voltage is applied to the summing point 
of the loop; consequently, removal of search may cause a reversal of the change 
in VCO frequency, preventing lock-on, since the previous doppler information 
is st i l l  duplicated. To prevent this condition, the acceptable frequency band in 

the search control circuit must be narrow so that the search is only discon- 
tinued when the frequency of the VCO is very close to that of the signal. This 
is in agreement with the detectability requirement of a signal in noise. A 
2 millisecond low-pass filter will guarantee a beat frequency of less than 100 Hz, 
particularly s h e  in the 2 millisecond charge time, the VCO is swept by the 
search circuit at a rate 80 Hz above that previously mentioned. In addition, 
this bandwidth of search-cutoff is dependent on signal strength as the phase 
detector gain changes, and adaptively increases this bandwidth for a stronger 
Signal. 
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Other forms of search, such as those with an additional sine wave voltage 
applied to simulate doppler rate, as described in the Fifth Quarterly Report, 
were  not investigated. 

To perform the various gating and control functions, a Mode Detector is 
required which senses the condition of the loop and triggers some control 

circuits and time delays operating on the principle loop components. Sensing 
is achieved simply by shifting an External Phase Detector 90 degrees from the 
Loop Phase Detector. When the loop is locked, the output of the External 
Phase Detector is a DC voltage; when a signal is close, it is an AC voltage; and 
in the absence of a signal, the output is zero. In the presence of noise at the 
loop input, the detector output is disturbed by noise, which establishes a limit 
to the frequency of a detectable AC signal voltage. With a 2 millisecond 
(> 100 Hz) bandwidth, the signal-to-noise ratio is always in excess of 20 db. 
The output of this detector is used to operate the various control circuits. 

2.3 MEMORY-AIDING IMP LEMENTA TION 

2.3.1 Loop Filter and DC Amplifier 

The required gain and time constants listed in Table 2-1 determine the 
design characteristics of the Loop Filter and DC Amplifier. With the values 
given for the other loop components, the DC gain should be 100 x, the lag 
time constant 150 seconds, and the lead time constant 14.1 milliseconds. A 
time constant of 150 seconds is difficult to obtain when using a reasonably sized 
capacitor, unless operational amplifier techniques are  used. Tantalum capaci- 
tors, normally used if  high capacitance values are required, have a relatively 
high leakage current which are dependent upon temperature. In the present 
design, feedback techniques effectively multiply the capacitance of the feed- 
back capacitor by the open loop amplification. This, however, puts a limita- 
tion on the feedback element leakage permissible around the amplifier. This 
problem has been eliminated by the use of MOSFET devices which exhibit an 
extremely high input-output isolation. 

Figure 2-2 is a schematic of the Loop Filter and Amplifier. The Amplifier 
inwt consists of a 2N3609, a dual MOSFET device packaged in a modified T-5 
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can. It presents, essentially, an infinite input impedance, and provides a 
balanced drive signal to the operational amplifier. The operational amplifier, 
a Fairchild @I-702 linear, integrated wideband DC amplifier, also packaged 
in a modified TO-5 can, supplies an additional gain which is fixed by a DC 

feedback configuration. The overall closed loop DC gain of the balanced input 
and the integrated amplifier stages is 200, allowing for a loss of a factor of 2 

in the filter circuitry. 

resistor, is connected between the output and the input of the amplifier. A 

15 megohm input summing resistance completes the required Loop Filter. 
A s e c d  input is required to control the loop in the memory mode, which is 
also connected to the amplifier input through a 15 megohm resistance. Since 
the effective value of the feedback capacitor and resistor is raised by the 

6 factor of amplification (200), the lag time constant T* is 200 x 
0.5 = 150 seconds, while the lead time constant T is 

A low leakage 0.1 pF storage capacitor, in series with a 147 kilohm 

x 15 x 10 x 

x 147 x loG = 14.7 x 
seconds. A balance control is provided to compensate for any differential 

gain between the two MOSFET devices, while a frequency compensation network 
is connected to the integrated amplifier. A third input is provided to allow for 
the search mode of the loop. The equivalent circuit of the loop amplifier and 
filter is shown in Figure 2-3. 

2.3.2 Loop Memory 

The design goals for the Loop Memory analog storage circuit are unity gain 
amplification during track mode, and a near infinite non-volatile hold during 

the memory mode. The basic circuit configuration used is shown in Figure 2-4. 
With the gate open, the circuit is essentially an inverting unity gain amplifier 
with some filtering action provided by the feedback capacitor. When the gate 
closes, the charge on the capacitor cannot leak off, and continues to maintain 
the output voltage by control of the amplifier input, providing the inwt imped- 
ance is extremely high. This condition is met by the use of a MOSFET as the 

inpt stage of the amplifier. 
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The basic circuit has two drawbacks. It provides a -1 instead of +1 
amplification, and, since signal levels at this point in the loop are low, bal- 
ance and drift of the input MOSFET becomes important. Both problems can 
be Overcome by the addition of a preamplifier, which reduces the effect of 
drift and provides an additional phase reversal. The gain of the memory 
amplifier has to be reduced by the same amount to obtain an overall uuiw gain. 

The complete schematic of the Loap Memory unit is shown in Figure 2-5. 

The preamplifier, using a PA-702 linear integrated DC amplifier, provides a 
gain of about 20, while some filtering of the incoming noise is achieved by the 
addition of a feedback capacitor. It is followed by a MOSFET switch, which is 
used as a sample gate (gate A in Figure 2-1) and an operational amplifier with 
a loss identical to the preamplifier gain, connected in a configuration similar 

to that used for the Loop Amplifier. The feedback capacitor is a high quality, 
low leakage type, and serves as the analog storage element. The output gain 
(gate B in Figure 2-1) is used to insert the memory autput into the loop when 
required. Resistors are inserted in the connections to the MOSFET gates to 
minimize the chance of accidental damage. 

Initial tests have determined that the time constant of the memory unit is 
in the order of a '"weekendff (about 200,000 seconds), well in excess of the 150 
second loop time constant. The operation of the memory unit in conjunction 
with the loop gave expected results on signal drop-out. Performance evalua- 

tion on the complete engineering model remains to be accomplished. 

2.3.3 Mode Detector and Loop Control 

For functional testing of the phase-lock loop and its associated memory 
and search circuits, a detector and control circuit have been breadboarded. 
The circuits are  shown in Figure 2-6, but will  be redesigned to allow for 
testing with low signal-+noise ratios. 

The phase detector, identical to that used for the Loop Phase Detector, 
is preceded by a 90 degree phase shifter. The output of the Mode Detector is 
connected to a two-stage gate control circuit which, upon either a presence 

or absence of a phaselock condition, switches the loop gate into the required 
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condition. Additionally, the output is connected to an lAC" detector which 

operates an 8-second timer. This timer, in turn, controls a MOSFET gate 

(gate C in Figure 2-1) to connect a search voltage to the loop in the absence 
of the signal. A bi-stable circuit controled by the output of the h o p  Amplifier 
provides the search function. 
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Section 3 

SPECTRUM AND REACQUISITION ANALYSES 

I 
t 

This section discusses the work performed on the Wideband Modulation 
Techniques task, during the past quarter in the areas of spectrum analysis 
(Subsection 3.1) and reacquisition techniques (Sub-section 3.2). The spectrum 

analysis includes generalized equations resulting from the modulation of a car- 
rier with filtered P N  signals, and discusses potentially useful approximations 
to these equations. In the reacquisition techniques investigation it is shown 
that reacquisition times of less than 1/2 second can be achieved on P N  (or 
hybrid) signals designed for AROD with straightforward implementations. 

3.1 SPECTRUM ANALYSIS 

3.1.1 Introduction 

In the range and range rate tracking system in which a pseudo-noise se- 
quence is used for the range modulation, the carrier may be either bi-phase 
modulated or phase modulated by the pseudo-noise sequence. If the waveform 
of the pseudo-noise sequence is ideal, that is, instantaneous change of states, 
then for a 5 n/2 (or 0 to n) bi-phase modulation or phase modulation, the power 
spectrums are identical. However, when non-ideal waveforms are used, that 

is, waveforms with discrete rise and f a l l  times, then the bi-phase modulation 
will cause an amplitude modulation of the carrier. The use of phase modula- 
tion results in a constant envelope signal; however, the analytic solution for 
the resulting rf spectrum is not easily obtained. The calculation of the rf 

spectrum becomes necessary when it is required that the spectrum outside a 
certain bandwidth meet certain requirements. Also, it might be desirable to 
compare the spectrum when frequency rather than phase modulation is used. 
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Several metfiods of calculating the rf spectrum for angle modulation by 
filtered pseudo-noise sequences are given in this section. Each of the methods 
makes certain assumptions which may not f i t  the physical situation, and both 
methods reqyire the use of a digital computer to obtain a plot of the spectral 
density. It would, therefore, be appropriate to obtain an analog solution to the 
problem by use of a power spectrum analyzer in order to choose the best model 
to be used. The first method replaces the power spectra of the P N  sequence 
with a gaussian process with the same spectral density; the second method re- 
places the P N  sequence with a sum of independent cosine (or sine) waves, each 
with uniform independent phase distribution which has the same power spectral 
density as the P N  sequence. The resulting expression for the rf spectrum will 
require a digital computer to give a useable result. 

3.1.2 Gaussian Equivalent 

In the guassian equivalent method, the power spectral density of the pseudo- 
noise sequence is assumed to be that of a gaussian random process; then the 
power spectral density of the carrier angle modulated by this process can be 
found. 

Let the carrier with the angle modulation by the pseudo-noise sequence be 
given by: 

where x(t) is the pseudo-noise sequence, which for the present is assumed to 
be ideal, and 8 is uniformly distributed between 0 and 2 n. 

The pseudo-noise sequence is assumed to be a maximal length sequence in 
which the period of the sequence is denoted by p . That is: 

n p = 2  - 1  

where 
n = number of bits in shift register. 

Ut to be the duration of one bit of the pseudo-noise sequence; then the 

total duratian of the sequence is pto. The autocorrelation function of the 
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pseudo-noise sequence is shown in Figure 3-1. The power spectral density of 
the pseudo-noise sequence is then given by: 

The autocorrelation function of the pseudo-noise sequence can then be written 
as 

R(T) = bo + bi cos Xi  T 

i =  1 

where 
2 n i  bi is the average power in each harmonic and Xi = - . 
No 

Now, if the term bo is neglected, which is the power in the DC component, 

it can be seen that 

i = 1, 2'. . . . 
If the DC term is neglected the process given by: 

x(t) = (Vi cos xi t + 3, SinXi t )  
i =  1 
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in which vi and Ci are gaussian random variables, and the following conditions 
hold: 

E(qiCk) = 0 for all i, k 

E(Q.$) = 0 = E(cick) for i # k 
1 

2 2 E(Q. ) = E(Ci ) = bi 
1 

then the autocorrelation function of this process is: 

m 

Rx (7) = b. cos X i  T 

i =  1 

In fact, Slutski(2) has shown that every stationary random process with an 
autocorrelation function as given in the form of equation (26) can be represented 
in the form of equation (24). Thus, there exists a gaussian random process . 

with the same aukorrelat ion function as the autocorrelation function of the 
pseudo-noise process, as given in equation (22) and the power spectral densities 
of the two processes will also be equal. 

The assumption is therefore made that the autocorrelation function and 
power spectral density of the pseudo-noise procees is that of the gaussian 

random process as given in equation (24). 

The autocorrelation function of the process y(t), as given in equation 19) 9 

in which x(t) is a gaussian random process and 8 is uniformly distributed 

between 0 and 2 n , has been found by Middlet~n(~)  and is given by: 

(2) Slutski, E. E. "Sur les fonctions ale'atoires presque periodiques et sur la 
decomposition des fonctions aldatoires stationnaires en composantes. 
tualitds scientifiques et industrielles, no. 738, Hermann et Cie, Paris 
(1938), p. 33. 

(3) Middleton, D. T h e  Distribution of Energy in Randomly Modulated Waves," 
Philosophical Magazine, Serial 7, Vol. 42, pp. 689-707, 1951. 

Ac- 
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Substituting, in the autocorrelation function from equation (22) the autocorrela- 
tion function of the randomly modulated carrier is then 

e i =  1 3o bi cos 4 
cos oc 7 r e  R (7) = - Y 2 

i =  1 

Since the random process y(t) is wide sense stationary, the Wiener-Khintchine 
theorem can be used to obtain the power spectral density of y(t). The power 
spectral density S (f) is then given by: Y 

a b. cos \T 

S ( f )  = 2 e i = l  cos wiT cos 0 7  r e  d r  (29) 
Y 

i =  1 

-2 bi 

In(bi) cos Air d r  

(30) 
1 Io(bi) + 2 

i =  1 n =  1 
i = l  lw cos w Tcos 07 = e  0 

0 

where 
In ( 6 )  is a modified Bessel function of the first kind. 

Performing the integration obtains 
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W 

- ' bi a(f-f ) 
S ( f )  = e i = l  [+ +3] 2 * 1  S ( f ) * S 2 ( f ) +  ... Si(f)* ... Qf+f ) 

(31) Y 

where 

W 

Si(f) = Io(bi) +E In(bi) [6(f+nAi) + b(f-nXi)] 
n =  1 

NOTE 

The symbol * denotes convolution. 

3.1 3 Independent Uniform Phase Equivalent 

As an alternate approach, the autocorrelation function of the pseudo-noise 
process can be considered as being that of a sum of cosine terms, each with a 
uniform phase distribution. Consider the random process given by: 

where the €ji are mutually independent and uniformly distributed between 0 and 
2% Then the autocorrelation function of this process is: 

0 2 AQ, 
R p )  = - cos Xi  T 

2 i =  1 
(34) 
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2 If the coefficient A(pi /2 is considered equal to the value of bi, as given in 
equation (23), then the autocorrelation function and power spectral density of 
this process is given in equation (33) are the same hs that of the pseudo-noise 

process. 
Let the carrier be phase modulated by the process as given by eqyation (33), 

that is: 

where 8 is independent of the ei and is also uniformly distributed between 0 

and2n.  
The autocorrelation function of the random process y(t) is then given by: 

NOTE 

The bar over the y(t + 7)  denotes complex conjugate. 
E [ denotes expected value. 

Substituting in equation (36) for y(t), obtains 

t 03 

\ m  j C A q i  cos ( X i  (t-) + ei) j C Aqi cos (xit+q) 
1 j a r  / i = l  ei= 1 R (7) = -e c E e Y 4 

1 m m 

\ -j C Acpicos(xi(t+~)+ei) -j C Acpicos(+t+ei) 
i=  1 i= 1 + z  e-jacTE / e  e 

Now, making use of the identity: 
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Now, making use of the identity: 

m 

J,W + C 2(jln JJS) cos n e  j( cos 8 = e 
n =  1 

Also, making use of the fact that the B i  are independent, the autocorrelation 

function can then be written as: 

W 

R Y (7) = -e  4 joc7 ff E ( Fo(Aqi)  + 
i =  1 

2(j)n Jn(A'pi) cos n(t+T)+Bi) 
n =  1 

W 

[JO(+A,,)+ 2(j)n Jn (+Acpi) COS n(Xit+ €Ii) 

(39) 

n =  1 i 
+ Le-jucr 4 7 E { 

i = l  I J  f: 2( j) Jn( -Acpi) cos n (A it + €Ii) 1 J o ( - A q +  
\L n =  1 

'I 2(j)"Jn(-A'pi) cos n(+(t+r)+ei)  

Carrying out the expected value operation and making use of the identity 

the autocorrelation function is then given by: 

i = l  L n =  1 J 
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The power spectral density of the modulated carrier is then found to be: 

*Sl(f) *S2(f) * . . . 1 [ Mf ifc) 6(f + fc) 
4 s (f) = + 

Y 

where S. ( f )  is the power spectral density given by 
1 

nXi) + 6(f + nXi) 

m 

Thus far, the pseudo-noise sequence has been considered to be the ideal (un- 
filtered) sequence. If the output of the pseudo-noise shift  register is filtered, 

then the power spectral density of the modulation will be given by 

where 

transfer function of filter 

pseudo-noise power spectral density 

If frequency modulation were  used rather than phase modulation, then the modu- 
lation power spectral density would be given by: 

The above procedure gives the power spectral density of the carrier when angle 
modulated by a pseudo-noise sequence either filtered or unfiltered. Although the 

expression obtained is rather formidable, being the convolution of an infinite 
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number of terms, each term being an infinite series, it should be possible to 
reduce the complexity. Since the modulation index will be small, it should 
be possible to neglect higher-order Bessel functions. Also, it is possible to con- 

sider only the harmonic components of the pseudo-noise spectrum out to the 
second null, as shown in Figure 3-1. Thus, the number of terms to be convolved 
would be 2p terms, which is sti l l  a rather large number. Even with these sim- 
plifications, a computer would be necessary to obtain an answer. 

3.2 REACQUISITION ANALYSIS 

A preliminary investigation of methods for reducing the reacquisition time 

for P N  sequences has been conducted. Use of a conventional intercept receiver* 

has been emphasized, with the goal of obtaining reacquisition within 0.5 second 
after a two-second signal dropout. The results of this investigation are reported 

in this sub-section. 

3.2.1 Frequency and Time Uncertainty 

A t  maximum range (4000 nautical miles), the determining factor in frequency 
uncertainty after a dropout is the ability of the spacecraft equipment to "remem- 
ber" the doppler frequency existing at the time that the signal was  lost. ** If it is 
assumed that a doppler memory is available, and that it is accurate to 1 percent 
of the maximum doppler offset, the frequency uncertainty at 2 KMHz is approxi- 
mately 500 Hz. 

To determine the time uncertainty at 4000 nautical miles, it is necessary 
to calculate the change in spacecraft position during the two-second signal drop- 
out. As the range rate (for a circular orbit) is approximately two nautical miles/ 
second, a change of about 50 microseconds in the delay (two-way) results. 

* In these receivers, a VCO is linearly swept over the frequency uncertainty b a d  
until the presence of a signal is sensed in a narrow band threshold detector. A t  
this point, the sweep is stopped and the tracking filter assumes control of the 
VCO for final pull-in. 

** If no doppler memory is available, it may be necessary to employ doppler wipe- 
out and the procedure used for initial acquisition. 
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However, the doppler memory can be used to reduce this uncertainty to 0.5 

microseconds by controling the shifting rate of the P N  generator. 
A t  minimum range the uncertainty situation is substantially different. Since 

r = 0, only a small doppler and time uncertainty'exist. However, the large 
range acceleration values encountered can, in the worst case, necessitate a 

Ikhase'l of the rapidly changing doppler frequency. Assuming r = 90 nautical 

miles, a doppler rate of approximately 5 KHz/seconds exists (at 2KMHz). If 
no doppler rate memory is provided*, the total doppler uncertaillty after a two- 

second dropout is 10 KHz, and the frequency could still be moving away from 
the expected value at about 5 KHz/second (worst case). 

3.2.2 Filter Analysis 

A "worst-case" analysis of the preceding requirements indicated that the 
1/2 second reacquisition goal could not be met with satisfactory confidence when 
using any given narrow band filter for all the signal conditions encountered in 
the system. The principal reason for this is the need for a narrow band filter 
to provide a satisfactory SNR at the maximum range, and the need for a wider' 
band filter to "chase" the rapidly varying doppler at the minimum range. There- 
fore, several two-filter combinations were evaluated to determine their suit- 
ability for Gperation over the entire AROD operating envelope. A compromise 
solution evolved with the following characteristics: 

A doppler memory accurate to 1 percent. 
A swept filter 70 Hz wide for use at altitudes between 400 and 2000 
nautical miles. 
A swept filter 200 Hz wide for use at altitudes between 90 and 400 
nautical miles. 

a. 
b. 

c. 

An evaluation of this system at the critical points in the operating envelope 
follows. It is assumed that the available signal power-to-noise power density 

ratio at 4000 nautical miles is 2000 Hz; this allows a 10 db margin (with respect 

* The presence of a doppler rate memory would effect a major reduction in this 
problem. 
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to the parameters assumed in the Fifth Quarterly Report) for filter off-centering, 
slight code mismatches, and transmission o r  reception perturbations. Further , 
it is assumed that the P N  bit rate is approximately 1 Mbps (for either a pure P N  

or  hybrid system). 
A t  r = 4000 nautical miles, the use of a "dwell time" of 1/70 second yields 

a signal energy-to-noise power density ratio (k) of approximately 30; this will 

result in a probability of detection(4) of approximately 99.5 percent and a false 
alarm probability of which should provide satisfactory performance. The 
500 Hz uncertainty band can be swept in 

t =  500 Z= 0 . 1  second 
s (70)(70) 

since the 0.5 microsecond time uncertainty is less than one P N  bit. After the 
swept filter has  located the carrier to within 70 Hz, the phase-lock loop must 
pull in. This pull-in time is given by:* 

Thus, the carrier loop is locked in well within the 0.5 second goal. 
When r = 2000 nautical miles (directly overhead for a 2000 nautical miles 

circular orbit), the doppler rate is approximately 100 Hz/second. For the 
"worst case chase," with a 70 Hz filter, the chase time (t,) can be obtained 
from 

(70)2 tc = 2(100) + 100 tc 

which yields tc = 0.04 second 

(4) Skolnik, M. I. , "Introduction to Radar Systems," p. 437, McGraw-Hill, 1962. 
* Fifth Quarterly Report, p. 1-24. (The loop parameters used are those sug- 

gested on p. 1-28.) 
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The frequency uncertainty (a) due to the doppler rate is 2(100) = 200 Hz, which 
yields a pull-in time for the carrier phase-lock loop of approximately 0.05 second. * 
The total time is, again, well within the goal, and the probability of detection 
will be increased because of the larger SNR. 

The evaluation of the system for a 90 nautical mile circular orbit follows. 

A t  the maximum range (600 nautical mile), the 1000 Hz uncertainty band can be 
swept by the 200 Hz filter in: 

= - =  'Oo0 0.025 second, 

and the phase-lock loop pull-in time is approximately 0.04 second. Even if the 

larger 
well  below the goal. A t  the minimum range (90 nautical miles), the worst-case 

chase time is found from: 

necessitates a search through two P N  bits, the reacquisition time is 

(200)2tc = 10,000 + 5000 t 

to be tc z 0.3 second, and the loop pull-in time is less than 0.001 second. 

Table 3-1 presents the results of the calculations for reacquisition time for the 
carrier loop for this altitude. 

For the 400 nautical miles switching altitude, both filters must be evaluated. 

3.2.3 Conclusions 

It has been shown that reacquisition of a PN-modulated carrier can be 

achieved in less than 1/2 second with the conventional intercept receiver. A 
doppler memory accurate to 1 percent, and a switchable swept filter are re- 
quired. The presence of more elaborate equipment (for example, a doppler 
rate memory, variable detection thresholds, o r  sequential detectors) could 
reduce the reacquisition time still further. 

* Linear amplification in the spacecraft receiver has been assumed, and, there- 
fore, the factor (runs) is proportional to R2. 
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Table 3-1 

70 Hz 1 0.18 0.025 0.45 0.01 
i 

200 Hz i 0.02 0.2 0.05 0.08 
I 

I 

REACQUISITION TIME CALCULATIONS FOR 
h = 400 NAUTICAL MILES 

90 Elevation I 5O Elevation 
I --I . ---- 

It is recommended that further investigations of optimal reacquisition tech- 
niques be conducted. Such matters as sequential detection, autocorrelation 
properties of P N  sequences integrated for less than their full period (and when 
the frequency is different from the expected value), and optimal allocation of 
reacquisition time between t, and t 
possible that an optimal reacquisition system could permit initial acquisition 
with the P N  modulation still on the (doppler wiped-out) carrier, thereby sub- 
stantially improving the interference rejection properties of AROD during 
acquisition. 

should be analyzed further. It is quite 
Pi 
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Appendix A 

SEMICONDUCTOR DEVICES 

The implementation of the Memory-Aided Phase-Locked Loop described in 
Section 2 is largely dependent upon the characteristics, and circuit capabilities 
afforded by two recently-available, advanced semiconductor devices. These 

are differential operational amplifiers in monolithic integrated form and metal 
oxide semiconductor field effect transistor (MOSFET) devices. 

The particular integrated operational amplifier found to be most satisfactory 
for AROD purposes is the Fairchild pA-702) device in eight-lead TO-5 cans. 

The manufacturer's specification and data sheet is herein reproduced for ref- 
erence. The PA-702 is a high-performance DC amplifier constructed on a 
single silicon chip, using planar-epitaxial integrated circuit techniques. It is a 
high-gain operational type amplifier meant for use with external feedback ele- 
ments to determine operating characteristics. Significant features are low DC 
offset and drift, wide bandwidth, low power consumption, and large output swing. 

The MOSFETs employed are the General Micro-Electronics (GME) 2N3609, 
a dual matched pair, and the Fairchild FI-100 units, the respective specification 
and data sheets of which are included for reference. The outstanding properties 

of the MOSFETs pertinent to this application (Section 2) are their extremely high 
input impedances (> lo1' ohms) and their zero offset switching capabilities in 
contrast to conventional bipolar (injection) transistors. These unique properties 

are important for implementation of long-time analog signal storage with rea- 
sonable sized capacitors and analog signal switching functions, respectively. 
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SPECIFICATIONS JUNE 1964 m 

I GENERAL DESCRIPTION - The PA-702 i s  a complete d-c amplifier constructed 

It i s  in- 
tended for use  as a n  operational amplifier in miniaturized analog computers, as  

I on a single silicon chip, using the Fairchild Planar  epitaxial process. 

a precision instrumentation amplifier, or in other applications requiring a feed- 

1 

l 

backamplifier useful f rom d-c to 10 mc. Fairchild Application Xote .4PP-105 

descr ibes  the amplifier and some of its uses. 

ABSOLUTE MAXIMUM RATINGS 

Total Supply Voltage Between V +  and V -  Terminals  21.0 Volts 
Peak Load Current 

Maximum Internal Power Dissipation 

Storage Temperature  Range 

Operating Temperature  Range 

10 mA 

250 mW 

-65 C to 1150 C 

-55 C to -125 C 

TO-5 CONNECTION DIAGRAM :TOP VIEW1 

pA-?02 DIE 

4 5  x 45 mils 

'I? i i 
I 



ELECTRICAL CHARACTERISTICS (25'C Free Air Temperature unless  othewise noted) 

V+ = 12V V-= -6V V+ = 6V V- =-3V 
PARAMETER CONDITIONS Min Typ Max Min Typ Max Units 

R S  5 2K - 2 5  

Input Offset Current  AI^^) I, - .7 2 

Input Impedance (Rin) %J a 25 - 
Input Bias Current (Iin) - 4 10 

Common Mode Rejection Ratio ((2%) f 5 1Kc 70 a0 - 

:! Input Offset Voltage (AVin) 'f:? 

Input Common Mode Range -4.0 - +.5 

Open Loop Voltage Gain (Avo) 1400 2600 4000 

Open Loop Bandwidth (Bo) .7 1.1 - 
Output Impedance (Ro) - 200 500 
Output Voltage Swing RL 1 100 K 15.0 15.3 - 

Average Temperature Coefficient 25°C 5 TA 5 125°C - 5 -  

-55°C 5 TA 5 25°C - 10 - 

Input Offset Current -55°C LTA 5 125°C - - 3  

Open Loop Voltage Gain -55°C L TA 5 125°C 1000 - - 

of Input Offset Voltage 

Input Offset Voltage RS 5 2K, -55°C 5 TA<+125"C - - 6  

T = -55°C - 20 
A Input Bias Current 

DC Supply Power 
Positive Supply Voltage Sensitivity 
Negative Supply Voltage Sensitivity 

- 70 110 
- 50 - 
- 100 - 

- 2 5  

- .5 2 

12 40 - 
- 2.5 7 

-2.0 - +.5 

70 a0 - 

380 700 1000 

.7 1.2 - 
- 300 700 

i 2 . 5  12.7 - 

- 5 -  

- 10 - 
- 6  
- 3  

- - - 
- 14 

- 17 27 
- 100 - 
- 200 - 

TYPICAL PERFORMANCE CURVES OF @-702 AMPLIFIER 

ALL GRAPHS WITH V+= 12V. V-= -6V, TA = +25"C. UNLESS SPECIFIED 

VOLTAGE TRANSFER 
CHARACTERISTIC 

6 

4 

2 

0 

-2 

-4 

4 
-3 -2 -1 0 1 2 3 

INPUT. mv 

OPEN LOOP VOLTAGE 
GAIN AS A FUNCTION 

OF TEMPERATURE 
3u 

r. 
* " 
u 
* c d 

e 2K 

9 
5 

P 

0 

1K I l l  
-60 -20 20 60 100 140 

AMBIENT TEMPERATURE *C 
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PRELIMINARY SPECIFICATIONS- OCTOBER 1964 

FI 100 
P-CHANNEL MOS FIELD-EFFECT TRANSISTOR 

DIFFUSED SILICON PLANAR II DEVICE 

The FIlOO isasiliconPLANARII (Note 1)MOSField-EffectTransistordesignedforenhancement modeoperation. 

As a chopper o r  multiplex switch, the device features zero offset voltage, large signal switchingcapability,and 

a high OFF to ON impedance ratio. The MOS unit can be easily direct-coupled to form all basic logic configura- 

tions having much higher fan-outs than conventional bi-polar transistors. In amplifier application, the en- 
hancement mode operation permits extremely high input impedanke (>lo" Ohms), DC coupling between stages 
and excellent DC to high frequency amplifkr performance. 

ABSOLUTE M A X I M U M  RATINGS (Note 2) 
Maximum Temperatures 

S s r a g e  Temperature 
Operating Junction Temperature 

Maximum Power Dissipation 

Total Dissipation at 25°C Case Temperature 
at 25°C Ambient Temperature 

Maximum Voltage 0 Current 

Dratn to Source Voltage 
Gate to Source Voltage (Note 3) 
Gate to  Source Voltage Transient (Note 3) 

Drain Current 

VDST 
VGS3 

VGSS 
#I 

-65°C to +2OO"C 
-65°C to +115'C 

1.0 watt 
0.35 Watt 

-30 Voltfi 

*40 Volts 

+eo volts 

-35 mA 

PHYSICAL DIMENSIONS 

Al lD  CAS( 

046 
,036 028 

H A N D L I N G  INSTRUCTIONS 

This is an insulated gate device wherein the insulation is a'very thin layer of glass (Si 02) between the control (gate) electrode and the a rea  beneath. 
Due to low capacity (C ) and high leakage resistaiics (RGs) of the gate, slight electrostatic charges can result in large voltages capable of damaging 

the d le lk t r ic .  

Storage 
Testing 

gs 

All four leads should be in contact with each other 

Grasp  the test chassis p r i o r  t o  insertion of the device into any circuit  o r  test equipment. Additional precautions should 

be taken to ground all soldering i ron  tips, etc. 

ELECTRICAL CHARACTERISTICS (25°C Free Air Temperatwe, Substrate Connected to Source) 

Test Conditions Symbol Characteristic 1xm. Typ. Max. units 

Drain Leakage Current 0.05 0.5 nA VGs = 0 VDs = 15 V 

-30 -50 Volts VGs = 0 ID = 10 PA 
Gate Threshold'Vottpee -2.5 -4.5 -6.0 Volts VGD = 0 I,, = 10 @A 
-Current -3.0 -6.0 -12 mA Vcs = VDs = -15 V 
Gate LeakageResistvlce 1013 1015 Ohms Vcs = VoD= -15 V RGS 

r Dynamic Drain Resistance, f = 1 Kc 150 &ohms VGs = VDs - -10 V 

Gate to Source (plus gate to channel) Capacitance, 2.5 3.5 pf VGs = VDs = -10 V 
cgS f = l m c  

b 

VGW 
b s  

BVDS Drain BreaLdol. Voltage 

Gate to Drain Capacitance, f = 1 mc 
Output Capacitance 
Gate to Drain Transconductance 

0.4 1.0 pf VGS = VDs = -10 V 
1.9 3.0 pf VGs = VDs =' -10 V 

300 600 @mhos VGS = vDs = -10 v 
I I 
(k. notes a back page) *Also Known as Gm Copynght 1964 by fauchild Semcmductcu a D i n r i a  of Fairchild Cnrm and lmtnnnent corDMatia 

THIS DATA SHEET IDENTIFIES A PARTICULAR LABORATORY DESIGN 

PRELIMINARY SPECIFICATIONS ARE SUBJECT TO CHANGE. NO 
OBLIGATIONS ARE ASSUMED FOR NOTICE OF CHANGE OR FUTURE 
MANUFACTURE OF THE PRODUCT UNLESS OTHERWISE ARRANGED 

OF SEMICONDUCTOR PRODUCT. THE TYPE NUMBER AND FA1 RC H I Le) - 
SEMICONDUCTOR 
1 D l l l U M  or FLIRc"ILD UIN -0 m-uYo(, r n l M L T l M  

MANUFACTURED UNDER ONE OR MORE OF THE FOLLOWING u s PATENTS 2981877 3025589 3064167 3108359 3117260 OTHER PATENTS PENDING 

P 
0 
I 
D z z 
m r 
I 

2 
$ 

5 
m 

m 
n 77 
m 
0 
-I 
-I 
;D 
D z 
v) 
-I 
0 
W 

Lo 

I 
9 
n n 
C 
v) 
m 
D 
Lo 
1 
0 s 
? z > 
W 

z 
2 
m 
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TYPICAL ELECTRICAL CHARACTERISTICS 

ELECTRICAL SYMBOL 

DRAIN (D) eo :&ATE(BI 

SOURCE (9 

DRAIN CHARACTERISTICS 
-10 

c 

4.0 
e " 
2 - 
h: -4.0 
0 

n - 
-2.0 

0 
0 -10 -m -a -.I -50 

VDS - DRAIN VWPU - VWTS 

SMALL SffiNAL CIRCUIT MODEL 

SOURCE. 5 

DRAIN CHARACTERISTICS 
-lm 

-m 

do 

0 
o Q.P -0.m +.m -10) Q.M 

VOs - DRAINVWlAU - VOLTS 

DRAIN CHARACTERISTICS 
-10 

-8.0 
c 

E -6.0 

" 2 - 2 -4.0 

0 - 
-2.0 

0 
0 -10 -x !  -10 -a -9l 

VDS - M I A I Y V W I A ~  - VWTS 

-%hC 

DRAIN CHARACTERISTICS 

V D ~  - DRAIN V W l A U  - VOLTS 

NOTES: 
(1) PLANAR n Ir, the process which prevents ion migraticm In planar oxidea under the influence ob heavy (e.&, 2 x 10' volts/crn) electric fields. 

(2) These rattnga are limiting values above rhlcb the serviceability of any Individual semiconductor device mny be imppired 

(3) Electrostntic potenunls rhlcb mny be generated by lmproper storsge, hading, or testing, could destroy the dielectric if they exceed thin rtlllg. 
leada into polystyrew CZ(L produce pdeotipls of 300 volts or more. 

The IMertion of 

313 FAIRCHILD DRIVE, MOUNTAIN VIEW. CALlFORNlh (415) 962-5011. TWX: 910.379-6435 
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T E C H N I C A L  DATA SH€€T 
AUGUST 1964 

Tenfaf ive Specificaf ions 
This five-terminal device contains two P-dmn- 
ne1 MOS Field-Effect Transistots designed for 
enhancement mode operation, diffused in to 
one monolithic chip. As a result of the mono- 
l i t h i c  structure, t h i s  device has excellent 
thermal tracking between the two triodes. The 
device is well suited for a wide variety of appli- 
cations, such as high input impedance differ- 
ential amplifiers, modulators, demodulators 
and choppers t o  mention only a few. 

Typical Applications of the Dual 
1005 MOS FET Device 

1005 INTEGRATED DUAL P-CHANNEL 
METAL OXIDE SILICON 

FIELD EFFECT TRANSISTORS 

", , .  . " 1 - 1  s 

Ab.olute Maximum Ratings 
(Steady State Except When Otherwise Stated) 

Maximum Junction Temperature 

Dissipation (Total Device) 

-55°C to +125"C 

at Case Temperature of 25°C 
at Case Temperature of 100°C 

at Ambient Temperature of 25°C 

1.0 watt 
.2 watt 

.35 watt 

M?-xix',m..- Vdtages fndy L e d  Tied to Source Lpad) 

VmS Drain to Source Voltage 
Vas Gate to Source Voltage 
Vcss Gate t o  Source Voltage Transient 

-25 VOES 

-25 volts 
6 0  volts 

General Micro - electronics Inc. 



T y p i u i  Chamcterlstic Curves 

- 
I- 

- 
- 
1300 
550 
4.0 
2.0 

2.0 

DRAIN CHARACTERISTICS AT 25'C 
VDS(V0ltS) 

DRAIN CHARACTERISTICS AT 125'C 
VDS(V0ltS) 

volts Va = 0 ,  Is = 10 pa 
ohms 
Lduns Vm = Va , ID = 1 ma 
kohms VDS = Va , % = 100 pa  
ohms Vcs = -1Ovolts. VDs = 0 
ohms 

pf VDs = Va, I,, = l m a  

vDS = 0 ,  va = -20 volts 

va = -20v01ts, vm = 0 

pf V D S = V a . I , , = 1 m a  
vns = va. I,, = l n u  pf 

20 18 16 14 12 10 8 6 4 2 1.00.90.8 0.7 0.6 0.50.40.30.20.1 
-5 
-6  
-7 
-8 

-9 

- 10 

-11 3.0 -n 

-12 

0.5 -5 

1 .o 
1.5 
2.0 - 
2.5 E 

-6  

-7  3.5 
4.0 

-8 -9 -10-11-12 

DRAIN CHARACTERISTICS AT 25°C TURN-ON CHARACTERISTICS AT 25'C 
VDS(V0ltS) vGs = VDS(VOltS) 

AC Transconductance 

20 18 16 14 12 10 8 6 4 2 
-5 
-6 
-7 

-8 

-9 

.10 

-11 

0.8 

1 0 9 8 7 6 5 4 3 2 1  
0 
10 
20 
30 
40 - 
50 2 
60 

70 

80 
90 

100 

n 

DRAIN CHARACTERISTICS AT -200°C 
VDS(V0ltS) 

20 18 16 14 12 10 8 6 4 2 

-10 -11-12 

TURN-ON CHARACTERISTICS AT 2 5 T  vGs = Vm(VOlts) 

20 18 16 14 12 10 8 6 4 2 

Elsetr ia l  Characteristics a t  25°C (Each Triode) 

(Unless dherwise specified s a m e  lead coonected to body 

lead for all values.) 

TSDS 

BVDss 

B V m  

R E  

Note 1: Drain and gate shorted to body. 

'd 
'd 
'd 
'd 

cgs 
cpd 
cds 

Characteristic 
Gate Threshold Voltage 
DC Trmsconductmce 
AC Transciconduetance 
AC Transconduetaxe 
Drain Leakage Current 
Source Leakage Current 

(Note 1) 
Drain-Source Breakdown 

Source-Drain Breakdoam 

Gate Leakage Resistance 
Dynamic Drain Resiskance 
Dynamic Drain Resistance 
Dynamic Drain Resistance 
Dynamic Drain Resistance 
Gate-Source Capacitance 
Gate-Drain Capaciiance 
Drain-Sauce Capacitance 

Voltage 

Voltage (Note 1) 

7 200 - 

35 

-50 I - I volts lva = 0 ,  = IO pa 

-50 

>10 
50 

400 
loo( 

450 
3.5 
1.5 
1.5 

I Matching Chamcterirtics a t  25°C 

Ratio (Note 2) 

Gate Threshold Voltage 
Dlfferentlal 

Gate Threshold Voltage 
Differential Change 
(TA = -55°C to +125T) 

'alU - 

20 

- 
lu. 
1.0 

1w 

units 

mvolts 

m volts 

Test Conditions 
Vm = VGs. I, = 1Wpa 

vDS = -10 volts, I, = 1w pa 

VDs = -10 volts, I, = 100 pa 

(Source Lead Connected to Body Lead for All Values) 

Note 2: Lowest of the taro qs readmgs is taken a s  gfs, for the purposes of this ratio. 
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